Fossil fuel depletion, global warming with rapid changes in climate, and increases in oil prices have motivated scientists to search for alternative fuel. Biodiesel can be an effective solution despite some limitations, such as poor fuel properties and engine performance. From this perspective, experiments were carried out to improve fuel properties and engine performance by using a binary blend of palm and coconut biodiesel at an optimized ratio. MATLAB optimization tool was used to determine this blend ratio. A new biodiesel was developed and represented by PC (optimum blend of palm and coconut biodiesel).
Introduction
The global energy crisis, which is attributed to the depletion of fossil fuels and increasing environmental concerns, has motivated scientists to seek eco-friendly alternative sources of energy. To address this problem, researchers have been conducting studies for the last few decades [1] [2] [3] [4] [5] [6] [7] . One solution is the use of biodiesel, which is nontoxic and biodegradable [8, 9] . The use of biodiesel minimizes greenhouse gas emission because of closed carbon cycle [10, 11] . Biodiesel can sometimes extend engine component life [12, 13] and can be used in existing diesel engines without any modification [14] . However, minor modifications in engine fuel line components are sometimes recommended because biodiesel possesses some fuel properties that affect these components [15] .
Many researchers conducted theoretical and experimental studies to improve (optimize), predict, and characterize biodiesel properties. Benjumea et al. [16] established prediction equations for kinematic viscosity, density, heating value, three different points of distillation curve, and calculated cetane index as a function of the volume fraction of biodiesel in the blend. Later, they validated the equations experimentally, which shows that except for viscosity, other properties of binary mixture take the form of an arithmetic volume average. Alptekin and Canakci [17] experimentally studied the improvement of different fuel properties, namely, kinematic viscosity, density, pour point, flash point, and distillation characteristics in five different biodiesels (sunflower, canola, soybean, cottonseed, and corn oil) by blending with petroleum diesel at different ratios. Hussan et al. [18] tailored the viscosity of biodiesel by ethanol and a mathematically derived optimum formulation. They added this optimum palm biodieselethanol blend at varying proportions (0-30%) with No. 2 diesel and studied various key fuel properties such as kinematic viscosity, derived cetane number (CN), flash point, cloud point, pour point, heating value, oxidation stability, specific gravity, and other properties. Some researchers also tried to improve fuel properties by using different additives. Rizwanul Fattah et al. [19, 20] and Palash et al. [21] used different antioxidant additives to improve oxidation stability and tested their effect on engine performance and emission. Imtenan et al. [22] reduced the density and increased the oxygen content of the blends by using oxygenated additives, and they tested their engine performance and emission characteristics.
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Previous studies on biodiesel indicate that its use in unmodified engines reduces brake power and increases fuel consumption. Xue et al. [23] studied more than 150 research endeavors and found that more than 50% confirmed higher thermal performance (efficiency), and approximately 45% indicated higher NO x emission, whereas more than 50% showed low PM, CO, and HC emission with the use of biodiesel blends. The low calorific value of biodiesel results in higher brake thermal efficiency. Carraretto et al. [24] tested a six-cylinder diesel engine with diesel and biodiesel blends at different ratios and found a decrease in performance and CO emission but an increase in NO x emission. To aggregate the advantages of the high-ignition quality of palm and the high-oxygen content of coconut, the combined blend of this two biodiesels at a specific ratio was experimentally studied by Habibullah et al. [25] . They concluded that depending on performance and emission parameters, the combined blend shows superior performance and emission over individual biodiesel blends.
Although the use of additive-added blends improves some performance or emission aspects, these blends affect other parameters adversely. In addition, they are associated with high production costs. This study mainly aims to improve engine performance and emission by using biodiesel from a particular feedstock by blending with biodiesel from another feedstock, which has better properties in some aspects compared with the previous ones and thereby forming a binary mixture with improved properties. Although some research previously studied binary biodiesel mixture, they used common mixture ratios [26, 27] . However, in this study an optimized ratio of binary biodiesel mixture, which improves overall fuel properties has been used. The ratio was obtained using MATLAB optimization tool, a method which has not been adopted by earlier studies. Palm and coconut biodiesel were chosen because of their superior characteristics, such as a high CN, high oxygen content, good ignition and combustion characteristics, and low pollutant emission [28, 29] . In addition, Malaysia is one of the largest palm producers in the world, and its government has decided to use 40% (approximately 6 million tons) of the total palm produced annually as biodiesel. Later, experimental study was conducted to determine the effect of 20% blend of optimum binary biodiesel mixture with diesel on engine combustion, performance, and emissions.
Optimum blending ratio calculation
Experiments were conducted by using blends of palm and coconut-based biodiesel. Many researchers found that the most important fuel properties, such as density, kinematic viscosity, oxidation stability, flash point, calorific value, and CN, vary linearly in the case of multiple biodiesel blends [16, 17, 30, 31] . Thus, the linear relationship among fuel properties was considered to determine the optimum blending ratio, for which MATLAB optimization tool was used. The optimization tool is a built-in tool of MATLAB 2012. It is a software that includes functions for linear programming, quadratic programming, binary integer programming, nonlinear optimization, nonlinear least squares, systems of nonlinear equations, and multi-objective optimization. MATLAB can be used to find optimal solutions, perform tradeoff analyses, balance multiple design alternatives, and incorporate optimization methods into algorithms and models.
To identify the optimum blending ratio, a number of boundary conditions were considered. The upper and lower limits for a specific fuel property were considered according to the highest and lowest values of the property of the individual fuels in the blend and according to the limit of the American Society for Testing and Materials (ASTM) standard. Meanwhile, for properties for which lower values are desired (e.g., viscosity and density), the median value of that specific fuel property was considered the highest limit. In the case of PC, palm had the lowest induction time, whereas coconut had the highest induction time. According to the ASTM standard, induction time should be at least 3 h. Thus, the boundary condition was set to be higher than 3 h. For example, if A and B are the values of a specific fuel property of three different fuels, then X and Y are the final blend ratios, respectively. Given that the maximum boundary limit for a specific fuel property value is Q, the equation used in MATLAB would be (AX + BY < Q). The optimized binary mixture ratio that satisfies all boundary conditions derived by the MATLAB optimization tool was 87.6% palm biodiesel and 12.4% coconut biodiesel.
Experimental procedure

Improvement of fuel properties
Engine performance and emission are directly affected by the physiochemical properties of fuel. These properties include density, viscosity, flash point, oxidation stability, CN, iodine value, and acid value. These properties indicate fuel quality. Among these properties, density, kinematic viscosity, oxidation stability, flash point, calorific value, and CN served as the focus of the researchers to determine fuel quality [32] [33] [34] . Different standards, such as ASTM, BS, and ISO, are used to define the properties of the fuel. These standards have defined the range of each fuel property. ASTM is the most widely followed standard among the others. To meet engine performance and emission requirements, the value of fuel properties must be within range.
In this experiment, new biodiesels with improved fuel properties were developed by blending palm (PB) and coconut (CB) biodiesel, considering two of them at a time. The apparatus used to identify the fuel properties is presented in Table 1 , whereas the individual fuel properties of PB and CB are presented in Table 2 . Afterward, the MATLAB code was developed. The boundary conditions that were considered for the MATLAB optimization, as well as the optimum blend ratios, are listed in Table 3 . The theoretical fuel property values for the blends were determined by using the optimum blend ratio and the linear equations. Lastly, the blends were prepared according to the optimum blend ratio. Afterward, the fuel properties of the optimum blend was tested in the laboratory (Table 4) .
Engine test
The experiment was conducted by using an inline four-cylinder, indirect injection, water-cooled, turbocharged diesel engine without any emission treatment system. The engine specifications are listed in Table 5 . The BOSCH BEA-350 (specifications are listed in Table 6 ) exhaust gas analyzer was used for engine emission analysis. The schematic experimental setup is shown in Fig. 1 . To carry out the tests using biodiesel blends, the engine was run with diesel until a steady operating condition is achieved. Afterward, the fuel was changed to the biodiesel blend. To ensure the removal of residual diesel in the fuel line, the engine was run for 5 min, and then data acquisition started. After each test, the engine was again run with diesel to drain out all the blends in the fuel line. This procedure was followed for all the blends. In this study, the engine was operated under fully loaded conditions at different engine speeds ranging from 1000 rpm to 4500 rpm at an interval of 500 rpm. Initially, engine performance and emission were tested by using petroleum diesel under full load, variable speed, and non-turbocharged condition. The result was then considered as a baseline for comparison. The engine performance and emission data for petroleum diesel (OD), P20 (blend of 20% PB and 80% petroleum diesel), and PC20 were recorded under non-turbocharged and turbocharged conditions for full load and variable speed. Each test was performed thrice to avoid random errors. The REO-dCA data acquisition unit was used to collect engine performance data. The data collected under non-turbocharged conditions are represented as P20 and PC20. Conversely, P20-T and PC20-T represent data under turbocharged conditions.
Statistical analysis
Instrument selection, condition, calibration, environment, observation, reading, and test procedure are the sources of errors and uncertainties of an experiment. Table 6 contains the measurement range and accuracy of the instruments used in this experiment. Statistical analysis is required to prove the accuracy of the data of the experiments. Statistical analysis was carried out using Microsoft Excel 2013 by applying two-tailed Student's t-test to test independent variables for significant differences among sample set means. Differences between mean values at a level of p = 0.05 (95% confidence level) were considered statistically significant.
Results and discussions
Fuel properties
From the experimental fuel properties of CB, PB, and OD (Table 2) , the densities of all biodiesels are significantly close to one another and approximately 3-3.5% higher than the density of petroleum diesel. The kinematic viscosities of CB and PB are also very close to each other. A large variation is observed in terms of induction time. PB had an induction time close to the ASTM standard (3 h), whereas CB had the highest induction time (5.12 h). The flash points of all biodiesels are satisfactorily high, except that the value for CB is close to the minimum ASTM limit (130°C). The average calorific value (CV) of the biodiesels is 11% lower than that of OD. CB obtained the lowest CV (36.98 kJ/g). The CN of the biodiesels is higher than that of OD.
The comparison of the theoretical and experimental blended fuel properties shows that the deviations of density, kinematic viscosity, and CV are lower than 2%. However, the deviations occasionally exceed the 5% limit for induction time and flash point because these two properties are affected by the chemical composition and molecular structure of fuel. Fig. 2 illustrates the variation between the theoretical (obtained using the optimum blend ratio and the linear equations used in MATLAB) and experimental (obtained from the laboratory tests) fuel properties. In reference to the induction time and the flash point, the variation is relatively high (maximum 8.5%). For the other fuel properties, the variation is significantly low (less than 3%), which validates the linear relationship of the fuel properties for blends.
Engine combustion and performance characteristics
The combustion pressure against crank angle diagram for biodiesel blends and baseline diesel is illustrated in Fig. 3 , with focus on the ''hot'' part around the top dead center (TDC) at the maximum torque condition (full load, 2000 rpm). The pressure data of 100 cycles with a resolution of 0.1°CA are averaged to study the characteristics of combustion pressure. Fig. 3 shows that for the non-turbocharged condition, peak pressures occurred at almost the same crank angle for all the fuel blends. In addition, peak pressure values are also more or less similar. P20 and PC20 obtained peak pressure values of 69.5 and 70.24 bars, respectively, which are similar to diesel peak pressure value of 69.80 bars. A slightly higher peak pressure for PC20 over diesel can be attributed to coconut biodiesel that has a higher CN [35] , which leads to shorter ignition delay and earlier start of combustion (SOC), as shown in Fig. 4 . Under the turbocharged condition, P20 and PC20 obtained peak pressure values of 96.4 bars at 5.3°CA and 101.78 bars at 4.9°CA. PC20 showed a noticeable pressure difference compared with the other biodiesel blends, and the reason is analogous to the non-turbocharged condition. Heat release rate analysis is the most convenient way to learn about the combustion mechanism. This method simplifies the identification of SOC timing and differences in combustion rates. Among the approaches to compute heat release rate, the zero dimensional model was used in this study [36] . Heat release rate was calculated according to the first law of thermodynamics in this model. Cylinder volume was calculated by using cylinder geometry as a function of the CA. However, Fig. 4 shows that for all the biodiesel blends, combustion started earlier and the initial heat release rate (at pre-mixed combustion zone) is higher than diesel. This observation can be attributed to the higher CN of biodiesels [35] . Afterward, at the diffusion-controlled zone, the heat release rates of all the fuels are more or less similar. For turbocharged condition, SOC occurred somewhat earlier for all the fuels compared with that of the non-turbocharged condition. SOC and heat release rate were higher (except in PC20) for the biodiesel blends, which is similar to the non-turbocharged condition. The heat release rate of PC20 was significantly lower in the diffusion-controlled zone, which can be attributed to its relatively low calorific value [37] . However, the initial heat release rate of PC20 was the highest because of its high CN (due to the higher CN of coconut biodiesel), which is analogous to the non-turbocharged condition. Fig. 5 illustrates the engine brake power at full load operating condition. On average, P20 and PC20 show 2% and 0.3% higher brake power, respectively, than OD under the non-turbocharged condition. Conversely, under the turbocharged condition, only PC20 shows an average of 1% higher brake power, whereas P20 shows about 0.6% reduction. Unlike the values in OD, these changes were significant at 0.01 < p < 0.03. The earlier SOC and the higher heat release caused higher average cylinder pressure for biodiesel blends and resulted in higher power. The presence of additional oxygen in biodiesel provides better combustion and higher heat release. Although PC20 showed the maximum peak pressure, a lower heat release rate in the diffusion-controlled zone caused a pressure drop and lower brake power than other biodiesel blends under the non-turbocharged condition. However, under the turbocharged condition, the higher peak pressure and the higher initial heat release rate of PC20 compared with other biodiesels compensate for the effect of lower heat release rate in the diffusion-controlled zone, and it showed the maximum increment of power throughout the test. Fig. 6 shows the percentage change in brake-specific fuel consumption (BSFC) of the engine for all blends with respect to pure OD at different engine speeds. P20 shows slightly lower BSFC, whereas PC20 shows higher BSFC than that of OD in the non-turbocharged condition. In the turbocharged condition, the opposite trend was observed. PC20 showed a 2.0% increase, and P20 showed a 1.8% increase in mean BSFC compared with OD in the non-turbocharged and turbocharged conditions, respectively. Compared with OD, these changes were significant at 0.01 < p < 0.02. The higher BSFC can be attributed to the higher densities and viscosities of the blends together with their lower energy densities compared with OD [38] . At higher speeds, lower BSFC was observed because of better combustion despite the short combustion period and the increased fuel amount [39] . The oxygen content of biodiesel might be used during combustion in the fuel-rich zone, which increases combustion chamber temperatures and helps in fast burning of blend molecules. The lower calorific value of CB also causes the higher BSFC of PC20. In the turbocharged condition, PC20 shows the maximum reduction in fuel consumption compared with other fuels, which is even lower than that of OD in the turbocharged condition.
The brake thermal efficiency (BTE) characteristics at different speeds are presented in Fig. 7 . All biodiesel blends show 0.5-6% higher BTE than that of OD throughout the test depending on speed. This observation is probably due to the fact that the oxygen-rich blends experience more complete combustion in the fuel-rich regions [40] . Under non-turbocharged conditions, irregularity is observed as the engine is designed to operate with a turbocharger. However, PC20 showed the maximum thermal efficiency under turbocharged conditions with an average of 3% increase than that of OD. Conversely, P20 shows the maximum efficiency under non-turbocharged conditions.
Engine emission
The CO emissions for different speeds at full load are shown in Fig. 8 . Biodiesel blends showed 10-60% CO reduction because of fuel-borne oxygen, lower carbon content, and higher CN [29, 41] . Higher CN exhibits shorter ignition delay and allows better combustion. Afterward, the oxygen content of biodiesel comes into play, which enhances the combustion process. High oxygen content ensures higher in-cylinder combustion temperature, which promotes more complete combustion and therefore greater conversion of CO-CO 2 than for diesel fuel [42] . Under turbocharged and non-turbocharged conditions, P20 shows higher CO reduction than other tested fuels. Kinoshita et al. [29] and Ono et al. [27] conducted their experiments with CB and found that approximately 3% higher oxygen than other biodiesels and the presence of CB in the blend reduces CO emission by 30-40% and 45-60% respectively. Sanjid et al. [26] also reported 10-12% reduction of CO emission compared to baseline diesel. Higher oxygen content of CB was reported to be the cause of emission reduction. The results for CO 2 emission are shown in Fig. 9 . For all biodiesel blends, CO 2 emission is lower than that of OD in most cases because of the low carbon content of biodiesel [29, 41] . Under turbocharged conditions, a large reduction in CO 2 is observed, and PC20 shows the on average 4-7.5% reduction. Ono et al. [27] also found 7-10% lower CO 2 emission, on average, using blends of binary biodiesel.
The results for HC emission are shown in Fig. 10 . Under non-turbocharged conditions, all the biodiesel blends provide significantly higher HC than OD. Under turbocharged conditions, all biodiesel blends reduced HC emission except for P20. The high HC emission in biodiesel blends is driven by different factors, such as ignition delay, fuel mixing, spray pattern, and response of measuring equipment, and its theoretical study is still in its infancy [43] . However, under turbocharged conditions, PC20 shows a higher reduction (20-80%) in HC emission than others. The presence of CB in PC20 reduces the HC emission because of the relatively higher (approximately 3%) oxygen content of CB, which results in better oxidation [27, 29] . Both of these works by Kinoshita et al. [29] and Ono et al. [27] reported 40-50% and 30-50% reduction of HC emission compared to baseline diesel.
The NO emission characteristics are shown in Fig. 11 . With increasing engine speed, NO emission increases because of high combustion temperature. At the maximum speed (4500 rpm), NO emission is reduced because of a short combustion time. The lower calorific value of biodiesel results in a lower combustion temperature and a decreased NO emission [44] . P20 shows the lowest NO emission, whereas PC20 shows the highest. P20 showed 2.4% and 3.8% decrease in the average of NO emission compared with that of OD in non-turbocharged and turbocharged conditions, respectively. Conversely, PC20 showed 4.8% and 3.4% increase in the average NO emission compared with that of OD in non-turbocharged and turbocharged conditions, respectively. Compared with OD, these changes were significant at 0.01 < p < 0.02. The high oxygen concentration of CB influences NO emission. Moreover, the early SOC and the high initial heat release rate (Fig. 4) indicate higher pre-mixed combustion, which contributes to the higher NO emission of PC20 [45] . Average 10% and 8% higher nitrogen oxides emission using binary biodiesel blends compared to baseline diesel were also reported by Sanjid et al. [26] and Kinoshita et al. [29] respectively. The smoke emissions at different engine speeds are shown in Fig. 12 . All the biodiesel blends shows a lower smoke emission than OD. P20 showed 1.5-5.4% and 1.4-5.5% reduction of smoke compared with OD in turbocharged and non-turbocharged conditions, respectively. Conversely, PC20 showed 7.5-10.9% and 5.6-10.5% reduction of smoke compared with OD in turbocharged and non-turbocharged conditions, respectively. These reductions can be attributed to fuel-borne oxygen, which ensures improved combustion of soot particles [46] . Moreover, coconut has a good smoke reduction characteristic [47] , and the fuel that contains CB shows the highest reduction of smoke for both turbocharged and non-turbocharged conditions. An average of 10 % and 8% reduction of smoke were reported by Kinoshita et al. [28] and Rizwanul Fattah et al. [46] respectively.
Conclusion
This study was conducted to improve several fuel properties of palm biodiesel by using the binary mixture of palm and coconut biodiesel through an optimum blend ratio derived using MATLAB. Later, 20% blend of this binary mixture (PC) with OD was tested in a diesel engine to compare the performance and emission characteristics of 20% palm biodiesel blend with OD as well as OD alone. The following conclusions are drawn as a summary of the experiment:
Two biodiesels can be blended to formulate a new type of biodiesel that has better overall fuel properties than individual biodiesels present in the mixture without using additives that increase the production cost of the blended fuel. PC20 produced higher brake power than did OD and P20, and it showed lower BSFC than OD under the turbocharged condition because of higher peak pressure and higher initial heat release rate. Biodiesel blends showed higher BTE than that of OD and P20 under turbocharged conditions, as oxygen-rich blends experience more complete combustion in fuel-rich regions. The emission of CO, CO 2 , HC, NO, and smoke for all the biodiesels was lower than that of P20 and OD. However, under the turbocharged condition, NO emission was higher for PC20 than that of OD and P20 because of the early SOC and the high initial heat release rate.
Considering engine performance and emission characteristics, the PC blend can be a good replacement for palm biodiesel, and a 20% ratio of this blend shows better performance and emissions than OD in turbocharged operations. 
